Electron cyclotron resonance (ECR) ion sources produce low-energy, highly charged ions. A new 14.5 GHz ECR-based low-energy ion accelerator facility has been developed. The ion source involves a plasma chamber ('supernanogan') surrounded by permanent magnets that provide a suitable magnetic field. The entire assembly including the ion source and the analyzing magnet is mounted on a 400 kV deck. A LabVIEW-based command and control system has been developed for the beamline. In addition, wireless communication has been installed to operate the machine in high voltage. The charge state distribution of several ions (He, N 2 , O 2 , Ne, Ar and Xe) has been measured. For Ar and Xe, the maximum charge states measured were 16 + and 29 + , respectively. A direct x-ray measurement for plasma diagnostics was also initiated.
Introduction
Electron cyclotron resonance (ECR) ion sources are well known to produce low-energy, highly charged ions. ECR ion sources are used to perform a wide variety of experiments involving collisions at low velocities probing the processes with low cross-sections. ECR ion sources use a magnetic field to confine the ions and electrons. Electrons moving in the magnetic field perform cyclotron motion with the Larmor frequency. Electrons are heated by resonant transfer of energy from microwaves (MWs). The impact of energetic electrons on neutral atoms (gas or metal) produces ions. ECR ion sources can provide a huge ion current (of the order of tens of µA) with good stability for continuous operations. ECR ion sources are used as an injector in various accelerators for experiments and for radiation therapy [1] [2] [3] [4] [5] . An ECR ion-source-based ion-accelerator facility has been installed in TIFR (TIFR-ECRIA). 3 Present address: MPIKP, Heidelberg, Germany.
Details of the TIFR-ECRIA beamline

Design details
The ECR ion source ('supernanogan') 4 at TIFR (TIFR-ECRIA) consists of a Cu plasma chamber. It is a permanent magnet (SmCo Permanent) ECR ion source with dipolar axial and closed structure hexapolar radial magnetic fields. Field maxima at the ends are 0.8 and 1.1 T. The magnetic field has a minimum at the center of the plasma chamber; therefore it is known as the min-B configuration. The MW frequency is 14.5 GHz with 500 W maximum output 5 . At this frequency, the resonance magnetic field turns out to be 0.51 tesla. A plasma chamber contains an insulated metal rod (called the bias rod). The maximum extraction voltage is 30 kV. Gases are introduced in the plasma chamber by two electrically controlled gas inlet 4 Designed and manufactured by Ms Pantechnik, France. 5 TWT amplifier from ETM Electomatic Inc. valves. Extracted ions are focused by an electrostatic Einzel lens. A 90
• bending dipole magnet (0.3 tesla) analyzes the charge state of ions 6 . Figure 1 shows a schematic diagram of the ECR ion source and beamline. The beamline assembly from the ion source to the analyzing magnet is mounted on the isolated deck. The voltage of the deck can be raised up to 400 kV to accelerate the ions further 7 . The analyzing magnet (on the HV deck) is joined to the rest of the beam line (on ground) by an accelerating column made of ceramic insulators. Accelerated ions are focused by a set of electrostatic quadruplole lens triplets. A set of X-Y deflectors, two pneumatically controlled Faraday cups (FC1 and FC2) and one beam-profile monitor (BPM) are also mounted. The position and dimensions of different beamline elements were frozen after performing intensive beam transport simulations. GWBASIC code was used to simulate the beamline trajectory with all active elements. ECR ion sources produce high dosage of x-ray radiation and hence, to avoid radiation exposure, the high-voltage (HV) deck has been covered with aluminum-covered lead shields (of thickness 6-10 mm). Residual radiation outside the shielding was measured near the ECRIA and was found to be well within the safe limit. Vacuum in the plasma chamber is ∼8E-8 mbar or better and that in the beamline is ∼8E-9 mbar. A new motor alternator-generator assembly provides the required power to the electronic modules and power supplies for the MW system, dipole magnet, ion source, etc, on the isolated deck.
Command and control system
A LabVIEW-based command and control system has been developed. The control system consists of a PC, connected 6 Designed and manufactured by DANFYSIK, Denmark. 7 Regulated High Voltage Power Supply (400 kV) from Glassman High Voltage Inc.
with a PXI 1002 chassis, PXI 6115 multi-function DAQ card, a PCI card and PXI 4071 digital multimeter DMM module at the ground potential. Field-point modules along with the controller are mounted on the HV deck. The dipole magnet, extraction voltage, Einzel lens, bias rod and gas flow controller channels were controlled through the NI FP AO-200 analogue output module channels. The magnet current, extraction and Einzel lens voltages, Faraday cup current, ECR body temperature and MW tuner position were monitored with the FP AI-110 analogue input module channels. One channel of FP RLY-420 was used as an interlock for the MW amplifier and the other channel was utilized to power the MW amplifier serial communication unit. All the field-point modules are cascaded to the FP-2000 real-time controller 8 and connected to the wireless access point kept on the HV deck. The PC is also connected through the wireless router. All the control and monitoring parameters of the source are transmitted and received through this wireless mode. There are two separate wireless serial communication channels to control and monitor the MW amplifier.
Initial measurements
Charge state distribution
Performance of the machine was tested by measuring the charge state distributions for different ions. The output currents were measured at the Faraday cup (FC2 in figure 1 ). Such distributions were obtained for several gases such as nitrogen, oxygen, neon, argon and xenon. Figure 2 shows the typical distributions obtained. Maximum input MW power is indicated in the figures. For nitrogen, oxygen and neon fully stripped ions were obtained. For Ar and Xe gases, maximum charge states obtained were 16+ and 29+, respectively. To increase the high-charge state yields, mixing gas and bias rod techniques were used. For argon and xenon, nitrogen and argon gases were used as the mixing gas, respectively. In the case of Xe ( figure 2(b) ), the sudden increase in currents at q = 13, 16, 26 and 28 is due to the mixing of Ar charge states with Xe charge states.
Effect of gas mixing, pressure and input power variation
The yield of higher-charge states can be increased by mixing a second gas (of lower atomic number) with the main gas. One possible explanation for this effect is that the ions are cooled by the loss of kinetic energy caused by collisions with the mixed gas atoms. Cold ions are better confined and get highly charged by repeated collisions with electrons. Other explanations are also presented in the literature ( [6] and references therein). In order to optimize the yields of the higher-charge-state ions, we have used different mixing gases. The yields of higher-charge states (>18+) were found to be negligible (at ∼190 W) in the case of pure Xe, i.e. without any mixing gas. It was also found that Ar is a better mixing gas for Xe when compared with O 2 or Ne. The output current depends on the feed gas pressure in the plasma chamber (not shown here). The input MW power also plays an important role in the output current. For example, the yield of Ar 3+ initially increases with the input power and then decreases. However, for higher-charge states such as 6+ and 9+ ions, the current keeps increasing before it falls at higher power (∼150-160 W) again. Applying a negative bias of a few hundreds of volts to the bias rod helps to increase the beam current. This effect has also been observed by other groups [6] and possible reasons are discussed there although an exact explanation awaits.
Direct x-ray measurements for plasma diagnostics
We have measured the x-ray spectra of electron bremsstrahlung from the ion source using a NaI (Tl) scintillation detector with suitable absorbers to cut down the low-energy x-rays. The x-ray detector was mounted just outside the additional alignment port (facing the plasma chamber) on the dipole magnet as shown in figure 1 . The x-ray intensities were investigated as a function of input power and gas pressure. From the x-ray spectra, we have estimated the electron temperature prevalent in the ECR plasma [7, 8] . Figure 3 (a) shows a typical x-ray spectrum obtained at very low MW power (10 W), for which the temperature estimated was 32.5 (±0.4) keV for gas pressure ∼1.5E-6 mbar. The temperature is estimated by fitting an exponential to the efficiency-and absorption-corrected bremsstrahlung spectra. It is well known that ECR plasmas exhibit two distinct electron temperatures [9] . Our technique is sensitive only to the higher-energy component. Figure 3(b) shows the dependence of electron temperature on gas pressure for 20 W MF power. The electron temperature of the plasma is seen to decrease steadily with an increase in gas pressure. Similar experimental investigations for other gases are reported in [8] and references therein, and the electron temperature for Ar plasma is found to be approximately a factor of two lower compared with our results for O 2 .
Conclusions
In conclusion, we have installed a 14.5 GHz ECR ionsource-based highly charged ion accelerator for collision experiments with low-energy ions. The voltage of the entire ECR assembly, the MW system and the dipole magnet for charge analysis was raised to 350 kV by using an HV deck. A LabVIEW-based command and control system has been installed. The charge state distributions of different gaseous ions were measured as a function of the MW power, gas pressure and mixing gas. A direct x-ray measurement for the plasma diagnostics was used to measure the plasma temperature at low MW power.
The pressure dependence of the electron temperature was also investigated. Experiments on the ionization and fragmentation of the large molecules, surface nanostructure formation, ion implantation and irradiation experiments were also initiated. In the near future it is planned to install a switching magnet having several ports in order to increase the number of beamlines.
